Aims Cultivar mixtures can increase productivity through complementarity in resource use, but reported results are often conflicting and the role of plasticity in shaping plant-plant interactions is poorly understood. We aim to determine if individual cultivars show different phenotypic responses when grown in a mixture, whether these responses depend on the neighboring cultivar identity, and how they contribute to variations in productivity and nitrogen (N) use. Methods Five spring barley cultivars were field-grown in pure stands and in mixtures during 2 years. Plant traits related to development, growth, N use, and reproduction were measured to identify temporal patterns of plastic responses to neighboring plants.
Introduction
Higher diversity in plant communities can promote productivity and stability, and part of the increased productivity can arise from complementarity in resource use of the community components involved (Loreau and Hector 2001; Zuppinger-Dingley et al. 2014) . Further, resource availability and plant neighbors can influence the expression of plant phenotypes, leading to adaptability through plasticity (Schlichting 2002; Van Nuland et al. 2016) . Consequently, diversity effects on productivity and stability could be influenced by plastic responses of the involved community components, a mechanism which so far is rarely explored.
In agriculture, genotypic diversity can promote vegetative and reproductive yield (Cook-Patton et al. 2011; Reiss and Drinkwater 2018) . However, reviews and meta-analyses have revealed substantial variability of this function in crop -stands containing mixtures of genotypes, which do not always show higher productivity than stands containing just one of the mixture's genotypes (Borg et al. 2018; Kiaer et al. 2009; Reiss and Drinkwater 2018) . Therefore, a better understanding of the processes underlying crop genotypic diversity on productivity is needed in order to (i) explain why some studies find positive effects whereas others do not, and (ii) enable predictive development of sustainable agricultural cropping systems based on genotype diversity.
Productive agriculture usually depends on large amounts of nitrogenous fertilizers, which are expensive and energy consuming, and their use is often associated with great environmental risks (e.g., leaching to groundwater and climate gas emissions) and decreased ecological sustainability in agriculture (Mulvaney et al. 2009 ). An improvement of nitrogen (N) uptake and use efficiency of crop plants is thus of key importance for maintaining productivity and at the same time improving sustainability in agriculture. Though it is stated in many studies that productivity is improved in cultivar mixtures through complementarity, compensation or facilitation, it has not been examined in detail how N uptake and use efficiency is affected (e.g. Brooker et al. 2008; Creissen et al. 2013) .
Functional traits are morphological, physiological and phenological aspects modulating plant performance via their effects on growth, survival and reproductive output (Violle et al. 2007 ). Most plant traits are generally considered to be plastic (Schlichting 2002) , thereby allowing single genotypes to adapt to local environmental conditions by producing different phenotypes. Trait plasticity has been shown to increase (Cahill and McNickle 2011; Ninkovic et al. 2016; Novoplansky 2016) or decrease (Grenier et al. 2016 ) individual fitness. In this study, we define plasticity as a genotypedependent characteristic, varying between crop cultivars and different environmental stimuli. In this case, the growth environment was changed through the choice of the neighboring cultivars. Many studies have investigated phenotypic plasticity in response to environmental factors and in response to plant neighbors of other species (reviewed by Gratani 2014) . In spite of the altered environments present in cultivar mixtures compared to pure stands (e.g. light regimes in the altered canopies), very little is known about trait plasticity in cultivar mixtures and the extent to which this affects plant growth and development, and in turn cultivar interaction and mixture performance. Essah and Stoskopf (2002) studied mixture performance of barley cultivars with different plant heights. They found a yield advantage compared with pure stands, but not in all combinations. Further, they did not measure if plants responded to mixing with plastic responses of functional plant traits, which could have explained why not all mixtures were more productive in their study. In this study, we assessed a wide range of plant traits of cultivars grown in mixtures and pure stands, covering plant growth, vigor, stretching, development, N uptake and use efficiency, and reproduction. Yet, understanding plastic responses that allow cultivars to reallocate biomass is fundamentally important for explaining diversity-productivity relationships and significant for designing sustainable and productive cropping systems.
The aim of this study was to determine if a specific cultivar shows different phenotypic responses in functional traits when grown with another cultivar in alternate rows and if this varies dependent on the component cultivars. We hypothesize that (i) biomass and grain production is promoted by mixtures (overall effect of mixing), (ii) traits of individual cultivars differ when grown in a mixture as compared to a pure stand (plastic trait response to mixing), (iii) plastic trait responses depend on the genotypic composition around the focal plant individual (neighborhood effect) and (iv) traits and properties of two cultivars become more similar when the plants are grown in a mixture (adaptive similarity).
Materials and methods
To study plastic responses of functional traits in barley (Hordeum vulgare L.), we controlled barley diversity in two consecutive field experiments, in which cultivars were grown in plots of pure stands and in two-cultivar mixtures in alternate rows. This made it possible to evaluate individual plant traits at the cultivar level rather than stand level, and assess their interactions with neighboring cultivars. With the idea in mind that phenotypic responses to neighboring plants are dynamic, several plant traits were measured at different occasions to identify developmental plasticity of barley plants in response to plant neighborhood.
Field experiments
Two field trials were conducted in Central-Eastern Sweden at the Lövsta field research station (59°52'N, 17°48′ E) of the Swedish University of Agricultural Sciences in 2015 and 2016. Soil type at the field site is stiff clay with 50% clay and 5% humus content. The topsoil (0-30 cm) had a pH of 5.8 with P-Al of 5.6 mg 100 g −1 and K-Al of 32 mg 100 g −1 , and the subsoil (30-60 cm) had a pH of 4.7, with P-Al of 2.2 mg 100 g −1 and K-Al of 25 mg 100 g −1 soil (data from 2019). The five spring barley cultivars Salome, Fairytale, Rosalina, Anakin and Luhkas (Table 1) were grown in pure stands and in two-cultivar combinations with a ratio of 50:50. The cultivar Salome was included as a component in all mixtures because it is known to induce plant responses in other cultivars (Dahlin et al. 2018) . The fields were sown in the beginning of May with a total number of 400 seeds m −2 and a row spacing of 12.5 cm without fertilizer applications. We do not usually fertilize our field trials before sowing, because plant-plant interactions can disappear at saturation of plant nutrients. This did not affect the general growth of the plants as the yield of this experimental setting is comparable with 'actual' yields in this region. The experiments were conducted in the same area but with a displacement between the years of about 300 m. Each of the nine treatment plots (3 ×9 m) represented a replicate and the plots were placed in a randomized complete block design with six blocks, having a distance of 1 m between plots. The corridors between the plots were unsown and regularly weeded by hand. Average temperature, precipitation and wind speed were measured by the LantMet weather station located approximately 1 km from the experiment. The average daily temperature during the growing season (22nd May to 10th September in 2015 and 12th May to 30th August in 2016) was 14.7°C in 2015 and 15.2°C in 2016. Precipitation sum during the growing season was 414 mm in 2015 and 262 mm in 2016 and the mean wind speed was around 1.5 m s −1 in both years.
Acquisition of trait data
A wide range of plant traits was assessed in each plot, covering plant development, growth and vigor, stretching, N uptake and use efficiency, and reproduction. To avoid edge effects, no plants were assessed in the outer 0.5 m of the plots. We used the BBCH scale in the determination of development stages (Lancashire et al. 1991) estimates of grain mass and N content in the grains were recorded, using the same method for N content in the grains as for leaf N content. As plants were harvested along marked transects, where previously no destructive harvests were conducted, the final grain yield and biomass was not impacted by previous assessments. The time points of measurements and samplings differed for the 2 years due to divergent growth rates of plants caused by different weather conditions. Mean values of plant traits are given in Online Resource 1.
Calculations
To quantify the speed of plant growth, relative growth rate (RGR, d −1 ) was calculated as the increase in aboveground biomass per day, using the following equation (Hoffmann and Poorter 2002) :
where W 1 and W 2 are mean aboveground plant dry weights at times t 1 and t 2 , respectively. The RGR was also quantified for the growth of plant height, and referred to as relative stretching rate. Late stretching rate was calculated as the increase in the growth of plant height between 52 and 68 days after sowing in 2015.
The specific leaf area (SLA, m 2 g −1 ), used to estimate a component of leaf biomass allocation, was calculated as the leaf area per leaf weight (Vile et al. 2005) :
The plant N uptake and use efficiency was assessed using a plant-based approach developed by Weih et al. (2011) , with terminology modified by Weih et al. (2018) . Accordingly, overall plant N accumulation efficiency (NAE) is the N amount in the produced grain per unit N amount in the sown grains (g g −1 ), broken down into three components as shown in eq. 3.
where the mean N uptake efficiency (U N ; g g −1 ) is obtained as the mean N amount per plant during the growth period per N amount in the seed grain. The grain-specific N efficiency (E N,y ; g g −1 ) is obtained as the biomass of harvested grain divided by the mean N amount per plant accumulated during the growth period, which reflects the grains produced at final harvest per mean plant N content (or N productivity). The grain N concentration at final harvest (C N,g ; g g −1 ) is obtained as the N carry-over from the whole plant to the grains (the grain N allocation divided by the grain biomass allocation at final harvest) (Weih et al. 2011) . Differences in the final dry matter partition (harvest index, HI) were calculated as the ratio of harvested grain biomass to total aboveground biomass (Gifford et al. 1984) :
Statistical analysis
Mixed linear models were employed for most statistical analyses, using the nlme package in R (Pinheiro et al. 2014) . With the study focus being plant response rather than crop performance, the genotype-within-plot was set as the experimental unit. Thus, when multiple plants were subsampled within a plot, they were considered as randomly selected representatives of any plant growing in the stand. Field observations and initial statistical tests identified non-linear soil gradients in each field trial, significantly affecting most traits measured. These gradients in plant growth (over a range of characteristics) were identified in both years, possibly being soil legacy effects. Spatial variability can be identified in many field trials. While a proportion of this variability is typically accounted for by the pre-hoc experimental design and subsequent statistical analysis as inter-block variability (as was also done in this study), substantial spatial variability may still remain unaccounted for, which may lead to erroneous conclusions (Singh et al. 2003) . Once identified, such soil gradients can be incorporated in a quantitative manner in post-hoc spatial modeling, which is a useful way to account for more of the actual variation in growth conditions and thus increasing the accuracy of estimated genetic effectswhether or not being attributed to particular soil factors (Hu and Spilke 2009) . In 2015, the soil gradient followed a third order polynomial, whereas in 2016, the gradient followed a second order polynomial. For this reason, year-specific analyses were conducted for each trait, including position variables in models of the general form
where c1, c2 and c3 denote first, second and third polynomial orders of position in the field (c3 used in 2015 only), gtplot denotes the random effect of 'individuals of each genotype in a plot', and ε denotes the residual error. The main term X varied among models, depending on the plastic response to mixing being tested. For each plant functional trait, overall response to mixing was evaluated by setting diversity level as the main factor, thus testing for differences in trait values of plants (of any genotype) grown in mixtures and pure stands, respectively (i.e. plastic response to mixing). Cultivar differences in plastic response to mixing were evaluated by using cultivar, diversity level and their interaction as three main factors and testing for an interaction effect. The effect of cultivar pair (mixture) on plastic response was evaluated by using mixture identity, diversity level and their interaction as three main factors and testing for an interaction effect. Neighborhood effect was evaluated by testing for this interaction effect on Salome only, being grown in mixture with each of the other four cultivars (adaptive similarity).
We tested whether the measured traits of cultivars became more similar when they grew together in a mixture, as compared to each one growing in a pure stand. As a measure of such adaptive similarity, we calculated the absolute difference in trait values of two cultivars. This was done using pure stand ('Δ pure') and mixture values ('Δ mix'), respectively. For each trait and for the overall average, the 'deltas' in pure stands and mixtures were compared, using one-way ANOVA.
Overall plastic responses across multiple trait variables were evaluated, using the permutational multivariate analysis of variance through distance matrices included in the vegan package in R (Oksanen et al. 2018 ). This allows for differences in direction and intensity of trait responses to mixing, through the use of pairwise (Euclidean) distances rather than the original trait values. Analyses were made for all traits combined (full dataset) and for each of a number of trait groups, comprising traits related to height/stretching (plant height, number of internodes, internode height and height per biomass), growth and vigor (number of shoots, leaf area, SLA, SPAD and biomass), N uptake and use (leaf N content, grain N concentrations, N uptake efficiency, yieldspecific N efficiency and NAE) and reproduction/yield (grain mass and harvest index), respectively. For each trait group, we tested for general effects of mixing, cultivar genotype, and their interaction. Test results from the full model were reported when the interaction was significant, or else the results from the model with main terms only.
Prior to all analyses, normality and homoscedasticity were determined for each trait by plotting the observed values against their residuals, and third-root or natural logarithm transformations were used to normalize variables with skewed distribution. Each trait was analyzed at each measured time point (trial year and days after sowing).
Results

Overall effect of mixing
Mixing generally promoted final biomass and grain production of cultivars (but not significantly in 2015; Table 2 ). Cultivar mixtures had lower HI and N concentrations in the leaves in 2015, and produced more biomass in 2016, reaching heavier grain mass compared with pure stands. Plants in mixtures developed more slowly in both years and were shorter relative to pure stands early in the season (Fig. 1a, b and d ). However, they had a more rapid relative stretching rate later in the growing season, ultimately reaching approximately the same height as plants in pure stands (Fig. 1c, e ). The N uptake and use efficiency traits of mixtures and pure stands were not significantly different in any year, and the same was true for all leaf traits.
Plastic responses to mixing
Compared to the cultivars grown in pure stands, each of the five cultivars exhibited different trait responses when grown in mixtures in 2015 (Table 3) . Salome responded to mixing with a slower development of growth stages. The most pronounced difference in plant development between cultivars in mixtures and pure stands was found for Salome, which, at the same time, was at BBCH 31 when grown together with Anakin, at BBCH 32 when grown together with Fairytale and Luhkas, and BBCH 41 when grown with Rosalina, while Salome grown in pure stands was already at BBCH 49. Fairytale and Anakin responded to mixing with shorter plant heights early in the season. Later in the season, Salome, Fairytale and Luhkas responded to mixing with a faster relative stretching rate. Anakin and Salome responded with lower grain mass relative to biomass (harvest index, HI).
Mixture-specific trait responses were observed in 2015 (Table 4 ). Salome developed slower when grown with Anakin than when grown alone (evaluated as BBCH at 13 July). Salome grown together with Rosalina had a higher relative growth rate, RGR (between 24 and 110 days after sowing) and a higher final biomass production (Table 4) . Fairytale responded to mixing by exhibiting a shorter plant height and higher late stretching rate. Anakin responded with a shorter plant height and a lower HI when grown together with Salome. In 2016, no mixture-specific cultivar responses were found, although all pair-wise mixtures varied significantly from one another.
Neighborhood effects
Plastic responses depended on the neighborhood of the focal plants. This response was seen in the number of shoots, RGR, specific leaf area (SLA), biomass, grain mass, and N accumulation efficiency (NAE) in 2015 (Table 5 ). For example, Salome had a higher NAE and vegetative biomass when grown with Rosalina than when growing with either of Fairytale, Anakin or Luhkas and produced more grain mass than when grown with Fairytale and Anakin (Fig. 2) in 2015. Finally, Salome had a more rapid relative stretching rate (between 40 and 52 days after sowing) when grown with Luhkas than when grown with Fairytale. In 2016, no neighbor effects were observed, except for Salome, which exhibited a higher chlorophyll content in the first upper leaf when grown with Rosalina than when grown with Anakin.
Adaptive similarity
Plants grown in mixtures generally exhibited greater similarity in resource acquisition traits than plants grown in pure stands (Table 6 ). For Salome and Luhkas mixed, such adaptive similarity was marked for plant height and relative stretching rate in 2015. Salome and Anakin were more similar in early relative stretching rate and NAE when they grew together in a mixture. In 2016, Salome and Anakin had a high adaptive similarity of N content in their grains and yield-specific N efficiency (Table 6) . No adaptive similarity effects were found in the Salome-Fairytale and Salome-Rosalina mixtures. The overall trait difference in 2015 was smallest for the mixture Salome-Rosalina (Δ pure/Δ mix = 0.6) -indicating that they became most similar compared to growth in their respective pure stands, whereas Salome-Luhkas mixtures had the highest overall trait differences (Δ pure/Δ mix = 2.2). In 2016, the highest adaptive similarity was found for Salome-Luhkas (0.3) followed by Salome-Rosalina and Salome-Anakin (both 1.8) and Salome-Fairytale (2.2).
Plastic responses of trait groups
The effect of growing in a mixture was significant for groups of traits related to height in 2015 and reproductive biomass in 2016 (Table 7 ). In 2015, plastic responses of cultivars were found for groups of traits related to plant height, growth, N use, reproductive biomass, and across all traits. In 2016, this was true for the groups of traits related to growth, N use and reproductive biomass. Plastic responses of cultivars grown in a mixture were found for N use traits in 2016. Across both years, plastic responses of cultivars were found for groups of traits related to N use and reproductive biomass.
Discussion
Plastic responses to mixing
We hypothesized that traits of individual cultivars tend to differ when plants are grown in a cultivar mixture as compared to a pure stand. We found that mixtures of barley cultivars developed slower early in the season relative to cultivars in pure stands. If plants in mixtures stay longer in the juvenile vegetative phase, they have more time for leaf-and spikelet primordia growth, which might partly explain the increased productivity often seen in mixtures. The transition from the vegetative to the reproductive phase is regulated in part by environmental cues (Bäurle and Dean 2006) . The altered environment in mixtures in terms of canopy structure could be one reason for a delayed transition. Plants grown in mixtures had a faster relative stretching rate later in the season relative to pure stands, reaching the same final height as plants in pure stand. In fact, height was the most plastic trait in these experiments, and s i g n i f i c a n t c h a n g e s i n p l a n t h e i g h t w e r e observed already at tillering. Luhkas, a fast-growing cultivar, was 23% shorter in the beginning of the season when grown with Salome than when grown in pure stands. This suggests a greater competition for light in the pure stand of Luhkas. In contrast, together with the shorter neighbor Salome, Luhkas did not have a strong competitor for light and did not need to invest in elongation. This proposed shade avoidance mechanism suggests that the short Salome would grow taller when grown with Luhkas in order to reach light, but instead, Salome grown with Luhkas was initially 14% shorter than a pure stand of Salome alone, and later increased its relative stretching rate to reach the same height as Luhkas by the time of the last measurement. The results suggest that plants in cultivar mixtures invest less in shoots early in the season, possibly because they invest more into roots during this period to get sufficient resources for later accelerated growth in size. Previous reports showed that plant early response to the presence of neighboring plants can result in altered biomass allocation to roots (Falik et al. 2006; Ninkovic 2003) . Faster establishment of roots into new nutrient patches can facilitate higher nutrient uptake and competitive ability relative to slower, less proliferating cultivars (Rajaniemi 2007) ; but the relevance of these mechanisms for the specific mixtures compared here needs to be explored in further studies. We found plastic changes in development, plant height and relative stretching rates (especially in the upper section of the stem) affected productivity positively, supporting our first hypothesis. We compared plant growth in mixtures with that in pure stands using a replacement design, which means that any response of plants of a given cultivar is therefore due to the reduced density ("removed") of neighboring individuals of the same cultivar, as much as it is the result of individuals of the other "added" cultivar. This design is a consequence of keeping the seeding rate identical and ensures that any observed changes in plant traits are considered due to changes in the (new) neighbor traits, and not to changes in density.
Neighborhood effects
We hypothesized that the plastic responses of plants grown in a mixture depend on the genotypic neighborhood. This was tested by comparing the responses of Salome grown with all other cultivars separately. We found that plant traits associated with resource acquisition, growth and fecundity changed in response to neighbor cultivar, including RGR, SLA, grain mass, vegetative biomass, and NAE. Salome, for example, responded with increased NAE when grown with Rosalina, but not when grown with the other cultivars, resulting in significantly higher biomass and grain yield than in any other cultivar combination. If this neighbor response could be predicted from plant performance in pure stands, responses would be additive (Hughes et al. 2008 ). However, observed per-plant grain-and biomass were 22% and 27% higher than their expected values, respectively. Thus, mixing responses of the two components were non-additive. Such ability for plastic change is genetically determined and we showed that plastic response can vary depending upon different plant stimuli (neighbor cultivars). Our results highlight the importance of evaluating the effect of mixing on the performance of individual components in the mixture, rather than simply comparing the end product (yield) between cultivar mixture and pure stand (as for example in Kaut et al. (2009) and in Kiaer et al. (2012) ). We propose that optimizing the performance of all component cultivars in a mixture, by increasing beneficial plant-plant interactions and reducing unproductive interactions, is a better way to enhance the mixed crop stand. To be able to find a mechanistic explanation for variation in mixing effects, all community components in a mixture have to be studied, not just the mean of their responses. In our study, we have showed how the individual cultivars in a mixture respond differently to their neighbors as a result of the differences in plant traits that occur at various stages of development. This is the first study showing that the response of one individual cultivar can vary depending on the other cultivar in the mixture and that this plastic response can significantly influence productivity in mixtures. This finding can explain the inconsistent effects found in previous studies (e.g. Kiaer et al. 2009; Reiss and Drinkwater 2018) , and the difficulty of finding general "mixture effects".
Adaptive similarity
We hypothesized that traits and properties of cultivars become more similar when the plants grow in a mixture. In 2015, we found high adaptive similarity in stretching patterns (plant height and relative stretching rate) in two of the four mixtures. Cultivars Salome and Luhkas, for example, had a high adaptive similarity for plant height. Plants can integrate the genetic identity of neighbors into appropriate adaptive responses by changing their biomass allocation pattern, investing in height growth in order to prevent shading by taller neighbors (Fiorucci and Fankhauser 2017) , or in root growth for acquiring more nutrients (Craine and Dybzinski 2013) . Grady et al. (2016) found neighbor adaptation of trees and shrubs when comparing individuals neighbored by genotypes from the same and different locations. Plant adaptation to the local environment has evolved through survival of the most adaptive genotypes in the wild. We have shown that this adaptive ability is retained in some cultivars even after hundreds of years of crop breeding. The observed reduction in niche differentiation suggests that the competitive release hypothesized to provide beneficial interactions in plant mixtures may be smaller than anticipated. Significance of difference between cultivar in mixtures and pure stands ((*) 0.05 ≤ P < 0.10; * P < 0.05; **P < 0.01; ***P < 0.001) are marked in bold Mixture effects on plastic responses
We hypothesized that plant trait diversity contributes to positive mixture effects on biomass and grain production. We found that the slower development of plants in cultivar mixtures did not affect their productivity. Cultivars grown in pure stands produced similar amounts of grain mass. However, when two cultivars were grown together in a mixtureone of the lowest possible levels of botanical diversity in agricultural fields -they tended to produce more grain and vegetative biomass compared to pure stands (not significant in 2015). It seems that plants in pure stands were associated with faster maturity, and that they had less time for photosynthesis and grain filling compared with plants grown together with another cultivar. This is in line with the nichepartitioning hypothesis, which predicts that competition between close relatives will likely be stronger, due to niche overlap (File et al. 2012) . The results suggest that differences among the barley cultivars could result in a different exploitation and utilization of resources (complementarity). Resource limitation is a key mechanism of increased productivity in diverse plant fields (Hooper et al. 2005) , which is in line with reports of greater mixture effects in low nutrient environments (Hooper and Vitousek 1997) . Increased beneficial results of cultivar mixtures on grain-and vegetative biomass production in harsh environmental conditions were found in other empirical studies (Kiaer et al. 2012; Reusch et al. 2005; Tooker et al. 2012 ) and in a meta-analysis (Reiss and Drinkwater 2018) . We want to emphasize, that we used row mixtures and that the effects might be higher in full mixtures.
Plastic responses of combined traits
Significant differences among cultivars were found in many trait groups in specific years, but few trait groups showed significant response to mixing. Exceptions were height and reproduction traits. The little overlap in the results from the 2 years together indicate a strong dependency on environmental conditions. Plastic responses of the combined grain mass and harvest index between mixtures and pure stands were higher in 2016, suggesting that mixing effect on reproduction is influenced by abiotic conditions. This is in line with plastic responses of cultivars in 2015, 2016 and both years together, which differed in their reproduction traits, suggesting that the cultivars differed in their adaptation to the different weather conditions in these years, which is reflected by their growth and vigor together with their N uptake and use. The meta-analysis of intraspecific diversity effects on crop yield by Reiss and Drinkwater (2018) revealed stronger diversity effects when exposed to biotic and abiotic stressors. Although annual weather differences in our study were small, we expected greater diversity effects in the cold and wet year 2015 compared to 2016, but no inter-annual differences were observed in our study for diversity effects except for combined reproduction traits. However, mixing effects on single traits, such as growth stage and plant height, were observed across both years. Plant behaviour is influenced by many biotic and abiotic factors and complex interactions between them, which makes them unstable and difficult to predict. Our results provide some evidence for a portion of the diversity effect on productivity to be influenced by plastic responses of the involved community components by means of complementarity in resource use. Realized resource niches seem thus to depend on the identity of the mixture components (here genotypes); and the functional mechanism could be partly related to the trait plasticity of the individual genotypes resulting in different phenotypes. Apart from the implications these findings could have for the design and management of species and cultivar mixtures in agriculture, the results have implications for our understanding of what presently hampers the development of predictive theory regarding the relationship between diversity and productivity in ecosystems.
Conclusion
This study makes an important contribution to understanding that plastic changes in plant traits are important for the interactions and eventual productivity of cultivar mixtures. The identification of differences in trait plasticity of cultivars grown in different cultivar combinations highlights that these interactions are non-trivial, depending on the identity of the neighbor cultivar. Some cultivars complemented each other through Naccumulation efficiency and yield-specific N efficiency, which resulted in increased grain and biomass production, while this effect did not occur when they were grown with other cultivar neighbors. The presented findings were based on row mixtures and even stronger plastic responses are expected in full mixtures, which are more commonly used. In summary, the results of this study provide a strong indication that trait plasticity might be an important driver of variability seen in experiments testing mixing effects. Intraspecific variation in plastic trait responses may affect niche partitioning and complementarity among barley plants and their performance in multi-cultivar assemblages. Even a small increase in crop diversity could have a large impact on traits important for plant growth and nutrient acquisition, owing to specific properties of the component cultivars. Consequently, traits measured in pure stands may not be sufficient for the tailoring of efficient, stable and predictable cropping systems.
